The process of current filamentation in permanently externally driven, initially globally ideal plasmas is investigated by means of two-dimensional Magnetohydrodynamic (MHD)-simulations. This situation is typical for astrophysical systems like jets, the interstellar and intergalactic medium where the dynamics is dominated by external forces. Two different cases are studied. In one case, the system is ideal permanently and dissipative processes are excluded. In the second case, a system with a current density dependent resistivity is considered. This resistivity is switched on self-consistently in current filaments and allows for local dissipation due to magnetic reconnection. Thus one finds tearing of current filaments and, besides, merging of filaments due to coalescence instabilities. Energy input and dissipation finally balance each other and the system reaches a state of constant magnetic energy in time.
I. INTRODUCTION
One of the central issues in plasma astrophysics are dissipative processes in highly collisionless (from a kinetic point of view) or highly ideal (in the framework of a fluid description) magnetized gases.
A typical feature for a broad variety of cosmic or space plasma configurations is the continued input of energy into the system due to some external forces. This is done e.g. by external shear forces, twisting, or compression which result from gravity, rotations, or winds.
Some of the more important mechanisms are shown in Figure 1 . The external forces are unsaturated on the time scales considered in this paper such that the system is subject to a permanent shearing, twisting, or compression. As a consequence, the magnetic field is disturbed on large spatial scales and the magnetic energy increases. This process continues as long as there are no dissipative channels available to get rid of the external energy input.
This scenario refers to the dynamics of the Earth's magnetosphere 1 , solar activity 2 , stellar jets 3 , the center of the Milky Way 4 or galactic jets 5, 6 for instance.
One of the most important dissipative processes in astrophysical plasmas is magnetic reconnection. The conversion of magnetic energy into kinetic particle energy and into heat can be done by reconnection in a very effective way because reconnection proceeds on time scales which are by a factor of N 1/2 L (N L : Lundquist number) or more faster than diffusion, demanding for local deviations from ideal conductivity only 7 .
External forces, like induced shear flows, twisting and shearing the magnetic field in an ideal astrophysical plasma result in strong local magnetic field gradients corresponding to strong local enhancements of the electric current density. Local thin current sheets form and the current density becomes more and more filamentary 8 .
Thus, an external distortion is redistributed down to smaller and smaller spatial scales. The magnetic shear length decreases by the continuing twisting of the magnetic field corresponding to an increase of the local current density on decreasing spatial scales down to scales where a dissipative channel opens.
Considering magnetic reconnection, this means that the relevant scales cascade down until sources for sufficient local deviations from the macroscopic ideal conductivity become available. This might be the scale of the ion-gyroradius where current driven micro-instabilities can exite microscopic fluctuations acting as a local effective resistance (an anomalous resistivity) on macroscopic scales 9 . Depending on the specific configurations under consideration the cascade of filamentation has even to scale down to the scale of the electron inertia length.
Especially in thin, hot collisionless plasmas, the inertia of electrons might be the ultimative dissipative channel allowing for magnetic reconnection 10 .
Thus, independent of which specific dissipative channel may be the relevant one, magnetic reconnection in an ideal astrophyical plasma demands for the development of current sheets,
i.e. for a filamentation of the current density.
The formation of thin current sheets and current filamentation has been subject of both intensive analytical and simulational studies. Besides, both two-and three-dimensional ideal MHD-simulations show that the formation of thin current sheets in the inner region of the configuration has to be interpreted as a typical consequence of boundary perturbations 14, 15 .
Further numerical simulations study the formation of current sheets in ideal MHD configurations due to shearing of footpoints of magnetic field lines. Strauss and Otani 16 examine the m=1 kink-ballooning mode in a magnetic field anchored at two conducting end plates. The field lines are twisted by shearing the footpoints at one of the boundary plates. Following the non-linear regime of the kink instability, Strauss and Otani found the development of current sheets with a thickness limited by resistive diffusion.
Mikic et al. 17 studied the filamentation of the current density cascading down to smaller and smaller scales as a response to footpoint displacements in an initially uniform magnetic field. In their simulations, however, the plasma density is fixed and plasma pressure and resitivity are neglected. Thus, reconnection could be possible due to uncontrolled numerical diffusion, only.
In our paper we present results of 2-D MHD-simulations of current filamentation due to a continued external shear including a current density dependent resistivity, explicitly. These simulations allow to study both the formation and non-linear evolution of current sheets and magnetic reconnection and its consequences. Thus, starting with an ideal permanently externally driven plasma, we can investigate the development of a dissipative channel and the dissipation, as well.
In this context, a current density dependent resistivity is the most realistic MHD-approach to simulate local macroscopic deviations from ideal conductivity due to current-driven microinstabilities. Besides, by comparison of simulations using homogeneous and several parameter dependent resistivity models, Ugai 18 has shown that the localization of the resistivity is essential for a fast reconnection process.
The applications we have in mind for our simulations are rather general, namely any shear flow in collisionless astrophysical plasmas 19 . Explicitely we consider the case for extragalactic jets stemming from active galactic nuclei. The magnetic field of extragalactic jets is continuously sheared due to the differential rotation of the accretion disk surrounding the central black hole. The necessary rotational energy for the shearing is supplied by the accretion of mass onto the black hole or by extracting the energy from a rotating black hole via the so-called Blandford-Znajek mechanism 20 . By comparing typical rotational energies contained in the rotation of the accretion disk and the black hole 21 with the total kinetic power of the jet 22 one can infer that no significant slow-down of the disk's or the black hole's rotation is to be expected over a period of the order of some Gigayears. Extragalactic jets consist of highly ideal low density plasmas. Observations show extended non-thermal optical and radio emissions which require relativistic electrons accelerated up to energies of TeV.
Since the synchrotron loss lengths are considerably shorter than the jet length the particles need to be continuously re-accelerated along the jet 23, 24 .
From systematical studies of the spectral indices of extragalactic jets, Meisenheimer et al.
24
inferred that there must be an additional acceleration process besides local shock acceleration in the well defined knots and hot spots. This additional acceleration process is discussed to be magnetic reconnection 25, 26, 27 .
As the plasma is highly ideal reconnection either needs anomalous resistivity or has to be inertia driven. Thus, current filamentation and the formation of thin current sheets are of crucial importance with respect to jets.
II. The Numerical Model
In the present paper, we study the process of current filamentation in sheared magnetic fields by the help of 2-D MHD-simulations assuming invariance in the z-direction
We use a start configuration given by a homogeneous magnetic field and a homogeneous plasma. The external shear is realized by a rotating velocity field v(r). Considering extragalactic jets we restrict our 2-D simulations to a plane cross section perpendicular to the jet axis assuming an initial topology of the corresponding field components as simple as possible.
The linear and non-linear temporal evolution of the system is then calculated by numerically integrating the following set of normalized MHD equations
together with Ohm's law
The quantity u in the energy Equation (4) is given by the relation u = (p/2) 1/γ . It is a measure for the inner energy of the system.
The quantities ρ, p, v, B, E, j, η, and γ denote the plasma mass density, pressure, velocity, magnetic field, electric field, current density, resistivity, and the ratio of specific heats, respectively. I 3 denotes the unit dyadic and v v represents the dyadic product (v i v j ) i,j . The ratio of specific heats has been chosen as γ = 5/3.
All quantities X are normalized to typical values X 0 of the system. Length scales are normalized to a typical radius of a jet of L 0 = 1 kpc ≈ 3 · 10 21 cm. The particle density is normalized to a value of n 0 = 2·10 5 cm −3 while the magnetic field is normalized to B 0 = 10 G such that the values chosen in the simulations correspond to typical core values for Active Galactic Nuclei (AGNs).
With this choice for L 0 , n 0 and B 0 further normalizations follow in a generic way, i.e. the mass density ρ 0 , the Alfvén velocity
, and η 0 ≈ 2.9 · 10 11 sec.
The integration of the MHD equations is done on an equidistant 2-D grid by a second order leapfrog scheme where the partial derivatives are realized as finite differences by the FTSC method (Forward Time Centered Space). Details of the numerical code can be found in Otto 28 and Otto et al. 29 .
At the boundaries of the simulation box all quantities with the exception of the velocity are extrapolated to the first order of the Taylor expansion. Thus, we assume an open plasma system where magnetic flux, plasma, and energy can freely cross the boundaries corresponding to the fact that no generic symmetries can be defined at the boundaries of a 2-D cross-section of a jet. The velocity however is assumed as a permanently given perturbation inside the 2-D integration box.
In our simulations we use a current density dependent resistivity of the form
where a small constant resistivity η 1 = 10 −5 has been added for numerical reasons. The coefficient η 2 is chosen to be 10 −3 while the critical current density j crit is set to 1.0. For comparison, we also performed ideal simulations using a small background resistivity of
The calculations are done in a 2-D box with x and y going from −8 to 8. We use a uniform grid with 461 grid points in the x-and in the y-direction resulting in a constant grid spacing of about 0.035.
The initial configuration is given by a homogeneous magnetic field B 0x = B 0y = 0.2 with no z-component (B 0z = 0), a homogeneous density ρ 0 ≡ 1.0, and a homogeneous u 0 which is given by (ρ 0 /2) 1/γ . The initial temperature T 0 is homogeneous as well because
This configuration is permanently disturbed by an externally driven rotational velocity pro-
, with φ = arctan y/x and r = √ x 2 + y 2 . The azimuthal velocity is given by
The velocity profile is shown in Figure 2 . It corresponds to a differential rotation with a rigid core as it is typical for accretion disks 30 . Whereas accretion disks typically rotate with a Keplerian velocity profile v φ (r) ∼ r −1/2 outside the rigid core, in the simulations we assume an exponentially decreasing velocity profile in order to minimize the plasma velocity on the boundaries for numerical reasons. Using a Keplerian velocity profile does not change the global dynamics qualitatively. The radius of the rigidly rotating core is given by r core = 0.3.
The angular velocity of the rigid rotation is given by ω = v core /r core and the azimuthal velocity v core at r core is chosen to be 0.04 resulting in a rotation period for the rigid core of about 47 Alfvén times.
The scale length for the exponentially decreasing wing outside the radius r 1 = 0.4 is given by λ = 1.5. Between the two radii r core and r 1 the two wings of the rotation profile are matched by the cubic spline
The importance of the spline is quite small as can be seen from Figure 2 . It just avoids a discontinuity in the first derivative of v φ regarding the radius r.
From systematic simulational studies we found that the dynamics of the system is widely independent of the exact steepness of the differentially rotating profile wing. It mainly depends on the power index in the resistivity model (7).
In our simulations we neglect the backreaction of the jet on the accretion disk. Therefore we restored the velocity profile after each integration step instead of self-consistently solving the momentum equation. By this means, we force the system to react on an unsaturated external force, represented here by the rotation of the accretion disk. Thus, the rotation of the accretion disk is not slowed down during the simulation which seems reasonable from comparing the total simulation time which is of the order of some 10 million years with the typical age of AGN accretion disks which is of the order of some Gigayears.
III. Shearing of an Ideal Configuration
The first example is a simulation of a configuration with external shear as mentioned above with the plasma assumed to be ideal. There is a small background resistivity of η = 10 −5 for numerical reasons, only. Figure 3 shows the structure of the initially homogeneous magnetic field after ≈ 1760 τ A which corresponds to about 37 shear times. As to be expected, the field lines are twisted by the differential rotation because they are frozen-in and have to move with the plasma. The small background resistivity allows for a very slow diffusion, only. By twisting the field lines several regions with antiparallel magnetic fields are created. Going radially outward from the centre of the rotation an imaginary observer would see a rapid change of sheets with changing direction of the magnetic field. A sample for this observation is given in Figure 4 where the magnetic field vectors are presented for the central region of the simulation box.
Due to Ampère's law ∇ × B = j antiparallel magnetic field lines are connected with a current sheet. Those current sheets still have a finite but very small thickness due to the slow diffusion. The crucial point, however, is that one finds no evidence for some significant dissipation, especially one doesn't find any signatures of magnetic reconnection. Up to the time scales we followed the simulation, the system behaves as an ideal plasma.
IV. Consequences of a Current Density Dependent Resistivity
Considering the same simulation with a current dependent resistivity model (7) (with χ = 1/2) the dynamics of the system changes dramatically.
At the beginning phase of the simulation the system is ideal and the field is frozen in. But with ongoing twisting of the magnetic field, current sheets form and the current density in the sheets rises until it locally exceeds the critical current density j crit . In these regions the anomalous resistivity not only increases the thickness of the current sheets by diffusion but also allows for the onset of magnetic reconnection. Antiparallel neighbouring field lines are reconnected and closed field lines form around so-called O-points. Figure 5 shows the magnetic field in the non-ideal case at a similar time as in the ideal case (Fig. 3) . The spiral structure of the ideal case is only partly conserved, mainly in the outer parts of the simula-tion box. In the inner region where the shear of the field lines by the differential rotation is especially high the magnetic field lines form magnetic islands which in no way resemble the former spiral structure. This fundamental change of the topology of the system is a typical sign for magnetic reconnection according to Vasyliunas 10 .
The regions where magnetic field lines are reconnected coincide with the regions where the anomalous resistivity is especially high.
Beside the onset and non-linear evolution of magnetic reconnection due to the current density dependent anomalous resistivity, the formation and dynamics of current filaments due to the shearing of the magnetic field is a point of special interest. (Fig. 6-9) show snapshots of the current density j z up to 4000 Alfvén-times corresponding to approximately 85 rotations of the rigid core (i.e. more than 1 million integration timesteps). The contours represent equidistantly distributed levels of the current density. The sequence of contour plots shows that the spiral current sheets become rapidly unstable.
Starting at the borders of the current sheet numerous small scale fluctuations around j z = 0 develop. These small scale current filaments are a consequence of the localization of the anomalous resistivity.
Besides, the sequence shows that the current system is unstable with respect to reconnection and the coalescence instability. At ≈ 2000τ A (Fig. 7(d) ), for instance, one inner winding of the spiral current sheet has been torn apart due to reconnection. The disrupted current sheet however becomes unstable against the coalescence instability, and at about 3000τ A (Fig. 8(b) ) the broken winding is re-merged.
Similarly, the small scale filaments are unstable to the coalescence instability due to the attraction of parallel currents. Via the coalescence of several small scale filaments large scale filaments are created. Some samples of large scale current filaments can be seen on the right-and left-hand side of the spiral from about 1500τ A onwards. At later times (> 3000τ A ) similar current filaments show up at the top and the buttom of the spiral. Those large scale filaments grow in length thinning more and more until they become unstable against reconnection. The maximum extension in length is about 5 -6 unit lengths. In the course of time the current filaments undergo alternating phases of reconnection and coalescence both converting magnetic energy into heat and kinetic energy of particles due to Ohmic dissipation and acceleration via electric fields E z , respectively. The large scale current filaments more or less keep their spatial position even while the spiral keeps growing. Since the pressure gradient ∇p is negligible the filaments can be considered to be force-free. Concerning the energy transport in a jet such force-free filaments could provide a powerful mechanism of particle acceleration and re-acceleration via magnetic reconnection. Figure 9 shows a surface plot of the current density j z for the last timestep of the previous sequence, i.e. t = 4000τ A . One finds that the spiral structure is almost completely disrupted by current filaments, some of them even separated from the former current sheets.
The filamentary structure of the current system can also be found in a contour plot of the current density dependent resistivity (Fig. 10) . The size of the filaments approaches the smallest scales resolved in the simulation, i.e. the grid cell. Thus, one can expect that the process of filamentation would continue to even smaller scales if the spatial resolution was increased. Such a cascade to smaller and smaller scales may be important with respect towards inertia driven magnetic reconnection 5, 10 . The resistivity ranges between the constant background value of 10 −5 and the peak value of about 2.5 · 10 −3 . The current filaments with the highest resistivity simultaneously represent the regions with the highest Ohmic dissipation η j 2 and the largest electric field E z . Thus they are the most promising candidates for plasma heating and particle acceleration.
A further point of interest considering the dynamics of the system is the question on the temporal evolution of the magnetic energy. For these purposes we integrate the magnetic energy density 1/2 B 2 over the whole simulation box for each time step and plot the result versus the time (Fig. 11) . The initial magnetic energy density corresponds to the homogeneous magnetic field of the start configuration. By conversion of kinetic shear flow energy into magnetic energy via the generator term v · j × B in the normalized equation for the magnetic energy
the magnetic energy of the system rapidly increases for about 1000 Alfvén times. Here S = E × B denotes the Poynting flux. Then, the formation of current sheets and the occurence of an anomalous resistivity lead to dissipation due to reconnection. Magnetic energy is converted into heat via Ohmic dissipation and into kinetic energy via particle acceleration. The plasma flow acceleration by magnetic reconnection however is not resolved quantitatively because of the external driving. Still, the resulting electric fields E z allow for the acceleration of test particles along the separator lines. Because of the dissipation the slope of the magnetic energy E mag (t) decreases. Finally the system reaches a kind of energy balance after ≈ 2500τ A . In this state energy is continuously transferred via filamentation from large scales to small scales where it is dissipated. The dissipation, however, leads to a continuous increase of the thermal energy U = 3p/2 of the system ( Figure 12 ) because radiative losses are not included in the energy Equation (4).
Another interesting point is the temporal evolution of the total Ohmic dissipation rate of the system P diss (t) = F η j 2 dxdy, where F denotes the simulation box. Figure 13 shows the dissipation rate P diss versus the time t. At the very beginning of the simulation the current density is zero, i.e. P diss (0) = 0. For the first 500 Alfvén-times the dissipation rate grows almost linearly due to the formation of large scale current sheets and the onset of anomalous resistivity. But then the dissipation rate stagnates and decreases a little bit until it grows again but much more slowly. Considering the fine structure of the dissipation rate one finds that it becomes more and more noisy with the course of time. This is in 
V. Discussion
In our paper we discussed 2-D MHD-simulations of current filamentation in an initially globally ideal plasma due to permanently externally driven shear flows.
The configuration under consideration can be interpreted as cross sections of extragalactic jets perpendicular to the jet axis. Thus, the magnetic field component along the jet axis has been neglected. The driving shear flow is the consequence of differential rotation in the accretion disk surrounding a central black hole.
We discussed and compared two simulational studies. In the first example, we studied the dynamics of a shear flow driven system being globally ideal for the whole simulation time.
Thus, there were no dissipative channels available to dissipate the energy pumped into the system due to the external force. As a consequence, one finds an ongoing twisting of the magnetic field together with the development of current sheets.
In the second example we studied the same configuration as in example one, but now as-suming a current density dependent resistivity. This allows to mimic the development of a dissipative channel due to current-driven micro-instabilities yielding local non-idealness (anomalous resistivity) on macroscopic scales.
As soon as the current density dependent resistivity is switched on locally, the system can dissipate the external energy effectively by magnetic reconnection. As a consequence, the dynamics of the system differs significantly from that found in the globally ideal case.
In the beginning one finds a twisting of the magnetic field and developping current sheets as in example one. Later, however, the dynamics is dominated by the tearing of current sheets due to reconnection and the merging of current filaments due to coalescence instabilities.
In the course of that, microscopic structures cascade down to smaller and smaller scales and magnetic energy is converted into heat and kinetic particle energy. From an energetical point of view, the system finally reaches a state with an energy balance between external input and internal dissipation. The resulting large scale current filaments can be considered to be force-free.
Considering the observed radio emissions in extragalactic jets these current sheets could provide a powerful source for local non-idealness and for continuous acceleration and reacceleration of electrons up to TeV energies due to magnetic reconnection. Besides, the net current inside an extragalactic jet necessary to collimate the configuration has to be of the order of typically 10 19 Ampère, whereas a single current layer cannot carry currents higher than the Alfvén limit of γ · 10 4 Ampère. Thus, the total current inside a jet has to be carried by a system of multi-current layers which could be provided by current filamentation as found in our simulations.
The simulations discussed in the present paper are 2-D ones without taking into account the magnetic field parallel to the jet axis. Corresponding 3-D simulations including the dynamics along the jet axis will be the subject of future work. Fig.1 Possible scenarios for the physical system under investigation. Fig.2 The azimuthal velocity v Φ (r) for the 2-D simulations. Fig.3 The magnetic field lines in an ideal plasma sheared by a differential rotation at t = 1760.53 τ A . 
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